We report the time-resolved observation of the photodissociation of Br 2 using high-harmonic generation (HHG) as a probe. The simultaneous measurement of the high-harmonic and ion yields shows that high harmonics generated by the electronically excited state interfere with harmonics generated by the ground state. The resulting homodyne effect provides a high sensitivity to the excited state dynamics. We present a simple theoretical model that accounts for the main observations. Our experiment paves the way towards the dynamic imaging of molecules using HHG. DOI: 10.1103/PhysRevLett.105.103002 PACS numbers: 33.20.Xx, 42.65.Ky, 82.53.Eb, 82.53.Kp Simultaneous imaging of the geometric and electronic structure of a molecule as it undergoes a chemical reaction is one of the main goals of modern ultrafast science. Techniques based on diffraction [1, 2] measure the position of the atoms within the molecule with high accuracy but are much less sensitive to the electronic structure of the molecule, particularly the valence shell in which the chemical transformations originate. A new complementary approach exploits the rescattering of an electron removed from the molecule by a strong laser field to measure the structure of the molecule [3] . The associated recollision also leads to high-harmonic generation (HHG) that encodes the structure of the orbital to which the electron recombines [4, 5] . So far, these methods have been applied only to the electronic ground state of molecules [6] [7] [8] [9] . Ultrafast dynamics in molecules occur predominantly in excited electronic states which can only be prepared in small fractions when multiphoton processes need to be avoided.
We report the time-resolved observation of the photodissociation of Br 2 using high-harmonic generation (HHG) as a probe. The simultaneous measurement of the high-harmonic and ion yields shows that high harmonics generated by the electronically excited state interfere with harmonics generated by the ground state. The resulting homodyne effect provides a high sensitivity to the excited state dynamics. We present a simple theoretical model that accounts for the main observations. Our experiment paves the way towards the dynamic imaging of molecules using HHG. Simultaneous imaging of the geometric and electronic structure of a molecule as it undergoes a chemical reaction is one of the main goals of modern ultrafast science. Techniques based on diffraction [1, 2] measure the position of the atoms within the molecule with high accuracy but are much less sensitive to the electronic structure of the molecule, particularly the valence shell in which the chemical transformations originate. A new complementary approach exploits the rescattering of an electron removed from the molecule by a strong laser field to measure the structure of the molecule [3] . The associated recollision also leads to high-harmonic generation (HHG) that encodes the structure of the orbital to which the electron recombines [4, 5] . So far, these methods have been applied only to the electronic ground state of molecules [6] [7] [8] [9] . Ultrafast dynamics in molecules occur predominantly in excited electronic states which can only be prepared in small fractions when multiphoton processes need to be avoided.
We extend high-harmonic spectroscopy from probing static molecular structure to probing photochemical dynamics. Using the impulsive photodissociation of molecular bromine, we show that the electromagnetic interference between high harmonics generated from the molecular ground state and the excited state occurs on the attosecond time scale. The coherent addition of the emitted radiation results in high visibility of the excited state dynamics despite the low excited state fraction.
The photorecombination step in high-harmonic generation is essentially a time reversal of photoionization. Before describing the experiment, it is useful to compare and contrast the two approaches. In femtosecond photoelectron spectroscopy, single-photon absorption creates a photoelectron which encodes information of the molecule's electronic structure in its spectrum [10, 11] . In femtosecond high-harmonic spectroscopy, similar detailed information [12, 13] is carried in the emitted photon. In photoelectron spectroscopy, different initial (neutral) and final (ionic) electronic states are distinguished through the photoelectron energy. In high-harmonic spectroscopy, the broadband recolliding electron wave can only recombine to vacant states, which are selectively created by the tunnel ionization step. Tunnel ionization is exponentially sensitive to the binding energy of each ionization channel. The simultaneous measurement of a broad photon spectrum and the selection of the probed state by tunneling both point to greater simplicity for high-harmonic spectroscopy. However, the emitted photons originating from different initial electronic states overlap spectrally, adding an undesirable complexity to the interpretation of highharmonic spectroscopy. We show that this apparent complexity becomes an advantage as the unexcited molecules can serve as a local oscillator against which we measure the excited state dynamics. Just as in a radio receiver, the local oscillator makes a weak signal that would be otherwise difficult to observe, readily visible. Moreover, the coherent detection provides a high sensitivity to the phase of the radiation, which reflects the evolution of the ionization potential along the dissociation coordinate.
The experimental setup consists of a chirped-pulse amplified titanium-sapphire femtosecond laser system, a highharmonic source chamber equipped with a pulsed valve, and an xuv spectrometer. The laser system provides 800 nm pulses of 32 fs duration (FWHM). The laser beam is split into two parts of variable intensities using a half-wave plate and a polarizer. The minor part of the energy is sent through a 2:1 telescope and used to generate 400 nm radiation in a type I BBO of 60 m thickness. The major part is sent through a computer-controlled delay stage and is recombined with the 400 nm radiation using a dichroic beam splitter. The combined beams are focused into the chamber using a f ¼ 50 cm spherical mirror.
High-order harmonics are generated in a supersonic expansion of Br 2 seeded in 2 bars of helium. The helium carrier gas is sent through liquid Br 2 kept at room temperature. Bromine molecules are excited by single-photon absorption at 400 nm to the repulsive C 1 Å 1u state (see Fig. 1 ) and high harmonics are generated in the strong
week ending 3 SEPTEMBER 2010 800 nm field. The focus of both beams is placed $1 mm before the pulsed molecular jet expanding through a nozzle of 250 m diameter. This setup minimizes the effect of phase mismatch and reabsorption of the high-harmonic radiation and leads to the observation of the singlemolecule response [14] . The typical pulse energies of 1.5 mJ (800 nm) and 5 J (400 nm) result in intensities of 1:5 Â 10 14 W=cm 2 (800 nm) and 5 Â 10 11 W=cm 2 . The total number of produced ions is measured by a wire mesh located 10 cm below the nozzle orifice. We have verified that the response of the ion detector was linear. The high harmonics are spectrally resolved using an aberrationcorrected xuv grating and imaged by a microchannel plate detector backed with a phosphor screen using a chargecoupled device camera. The harmonic intensities are extracted by integrating the images spatially and spectrally. Figure 1 shows the relevant potential energy curves of Br 2 and Br þ 2 . Single-photon excitation at 400 nm from the X 1 AE þ g ground state leads almost exclusively to the repulsive C 1 Å 1u state which dissociates into two bromine atoms in their ground spin-orbit state ( 2 P 3=2 , m J ¼ 1=2) [15] . The figure also shows the shape of the vibrational wave function in the ground state and the calculated nuclear wave packet on the excited state surface at selected delays Át after excitation by a 40 fs pump pulse centered at 400 nm. The 2 Å 3=2g ground state curve of Br þ 2 is also shown to illustrate the variation of the ionization potential with the internuclear distance. Figure 2 shows the observed harmonic and ion signals in a pump-probe experiment with perpendicular polarizations. The power of H19 decreases during the excitation, reaches a minimum after the peak of the 400 nm pulse, and then recovers to its initial power level. In contrast, the ion yield increases, reaching its maximum after the peak of the 400 nm pulse and subsequently decreases to its initial level. The maximum increase in ion yield amounts to 7%, whereas the harmonic signal is depleted by up to 30%. The signal of H19 and the ion yield have been normalized to unity at negative delays. This signal level corresponds to all molecules being in the ground electronic state. Temporal overlap of the 800 and 400 nm pulses leads to the appearance of even-order harmonics [16] which provide the time origin and a high-order cross correlation ($50-60 fs).
When Br 2 is excited to the C 1 Å 1u state, the ionization potential for the removal of the most weakly bound electron is reduced from 10.5 to 7.5 eV, explaining the observed increase in the ion yield. The rising part of the ion yield curve reflects the buildup of the excited state population during the excitation pulse. As Br 2 dissociates along the repulsive C 1 Å 1u state, the ionization potential increases from 7.5 to 11.8 eV, resulting in a decreasing ionization rate of the excited state. Since the ionization rate increases at early delays, one might expect that the harmonic yield would also increase. However, the opposite is observed. Moreover, the variation of the harmonic signal is much larger than that of the ion signal and exceeds the excitation fraction by a factor of 2. These results clearly demonstrate a destructive interference between harmonics emitted by the excited molecules and those emitted by the ground state molecules. Destructive interference is the origin of the opposite behavior of ion and harmonic yield. To better understand the origin of the interference, we now compare the temporal evolution of different harmonic orders. Figure 3 shows the evolution of the power of a range of odd harmonics (H13-23, ¼ 61-35 nm) with the pumpprobe delay in an experiment using parallel polarizations. (dash-dotted line) as a function of the delay between a 400 nm pump pulse and a perpendicularly polarized 800 nm pulse generating high harmonics (left-hand axis). The temporal overlap of 400 and 800 nm pulses leads to the emission of even-order harmonics, like H18. The total ion yield (dashed line, right-hand axis) was measured under identical conditions but with higher statistics. . The shape of the nuclear wave packet in the excited state after selected delays Át is also shown. The wave packets were obtained by numerical propagation assuming a 40 fs excitation pulse centered at 400 nm. The inset shows the expectation value of the internuclear separation as a function of the pump-probe delay.
The low-order odd harmonics (H13-19) approximately recover the power they had prior to excitation within a time scale of 300 fs whereas the high-order harmonics (H21-23) remain at a lower power level. The observed behavior in parallel and perpendicular (not shown) polarizations is qualitatively similar, although the time scales differ slightly.
The variation of the observed modulation with harmonic order demonstrates that the interference is tied to the nature of the trajectory of the continuum electron. The temporal extension of the short electron trajectories spans a range of 0-1.7 fs [17] . The electron transit time of harmonics emitted by species of different ionization potentials thus differs by hundreds of attoseconds [18] , which is the time scale on which the interference occurs. In what follows, we develop a theoretical model to calculate the phase of the highharmonic radiation emitted by the dynamically evolving excited state molecules.
We treat the problem within the Born-Oppenheimer approximation and write the molecular wave function at a delay Át after excitation as Éðr; R; ÁtÞ ¼ c g È g ðrÞ g ðRÞ þ c e È e ðr; RÞ e ðRÞ; (1) wherer is a set of electronic coordinates and R is the internuclear separation. È g ðrÞ and È e ðr; RÞ are the electronic wave functions of the ground and excited states and g and e are the corresponding normalized nuclear wave functions. The radiated electric field corresponding to the photon energy can be written as [19] EðÞ / jc g j 2 h g j g iE g ðÞ þ jc e j 2 h e j e iE e ðÞ þ c Ã e c g h e j g iE eg ðÞ þ c Ã g c e h g j e iE ge ðÞ; (2) where E iðjÞ are complex spectral components. The first term in Eq. (2), proportional to jc g j 2 , corresponds to harmonic emission from the ground state of the molecule alone, the second, proportional to jc e j 2 , represents emission from the excited state. Radiation can also be emitted by ionization of either of the two electronic states and recombination to the other one [20] . These cross terms are proportional to the overlap of the nuclear wave functions h e j g i, which in our case decays to zero within 40 fs of the excitation. Therefore, we will only consider the first two terms. The total radiated field at photon energy ¼ q! can thus be represented as E q ¼ ð1 À rÞd g e i g þ rd e e i e , where d g and d e are the real qth harmonic amplitudes and g and e are the qth harmonic phases of the ground and excited states, respectively, and r ¼ jc e j 2 is the excited state fraction.
Within the strong-field approximation, the phase of harmonic q is given by [21] ðq; t i ; t r Þ ¼ 1 2
where t i and t r are the moments of ionization and recombination, respectively,ÃðtÞ is the vector potential of the laser field, and I p is the ionization potential of the molecule. We use classical simulations of the short electron trajectories to calculate the total phase [17] . The first term in Eq. (3) is obtained by numerical integration over these trajectories. Additional contributions to the high-harmonic phase originate from the ionization and recombination steps but are neglected within the strong-field approximation. The dissociation of Br 2 in the C 1 Å 1u state is simulated by propagating a wave packet on the repulsive surface using the split operator technique [22] . The potential energy curves of the X 1 AE þ g ground state, the C 1 Å 1u state, and the X þ 2 Å g ground state of the cation are shown in Fig. 1 . We calculate the total harmonic power as a coherent sum of the emission from the ground and excited electronic states P / jð1 À rÞd g e i g þ r Z dRj e ðRÞj 2 d e ðRÞe i e ðRÞ j 2 : (4)
In the calculation, the excited state fraction is r ¼ 0:14, matching the experimental conditions. We use an R-independent photorecombination amplitude but account for the increase in the number of emitters as one molecule dissociates into two atoms by modeling d e ðRÞ ¼ ðerfðR= # A À 4Þ þ 1Þ=2 þ 1, i.e., a smoothed step function increasing from 1 to 2. e depends on R through the coordinate dependence of the ionization potential and is calculated according to Eq. (3).
The comparison of Figs. 3 and 4 shows that the model provides a qualitative explanation of the experimental results. The power of all harmonics decreases during the excitation pulse and reaches a minimum after the peak of the excitation pulse. The power of the low harmonics (H13-H19) is found to partially recover, in agreement with the experiment. The power of the high harmonics remains low when the dissociation dynamics is over. This is the consequence of a destructive interference between the harmonics emitted by Br 2 molecules and Br atoms. The amplitude at long time delays relative to the amplitude at negative delays decreases with increasing harmonic order. This feature is observed in the experiment and is also reproduced in the calculations. The calculated phase difference of the harmonic emission between Br 2 molecules and Br atoms indeed increases from 1.6 rad for H13 to 2.5 rad for H23 under our conditions, explaining the increasingly destructive interference. The overall agreement between theory and experiment at early and late times indicates that the proposed interference model properly describes the physical phenomenon.
A noticeable difference between the experiment and the simulation is the time scale on which the high-harmonic signal reaches its asymptotic level. In the simulation, the time scale is close to 100 fs which corresponds to the time it takes to double the internuclear separation. In the experiment, the signal takes about 300 fs to recover. This time scale is surprisingly long and indicates that the transition between the molecular and atomic character of HHG takes significantly longer than what might be expected. The comparison between theory and experiment thus allows us to anticipate that the photorecombination amplitude varies with internuclear separation and that it only reaches the atomic value at very large internuclear separations (> 9 # A). More subtle differences between the experiment and the model calculations may also arise from contributions of the photorecombination phase to the harmonic phase and from the contribution of multiple orbitals to HHG. The full characterization of high-harmonic emission from dynamically evolving systems will thus require a simultaneous measurement of amplitude and phase of the high harmonics [23] .
In conclusion, we have demonstrated that interference occurs on the attosecond time scale between high harmonics emitted by the excited state of a dissociating molecule and those emitted by the ground state. This interference occurs in a single molecule but it is electromagnetic in nature. We have shown that the intrinsic homodyne nature of the method permits a very sensitive detection of chemical changes occurring on the femtosecond time scale and allows us to follow the breaking of a chemical bond. This opens up the possibility of tomographic imaging of molecular dynamics [4] . The method will allow us to follow the evolution of valence orbitals during a chemical reaction. Moreover highharmonic generation offers the potential of attosecond temporal resolution. This advantage may be applied to study the electronic dynamics launched in the molecular cation by tunnel ionization and their dependence on the reaction coordinate.
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